Equisetum plants (horsetails) reproduce by producing tiny spherical spores that are typically 50 mm in diameter. The spores have four elaters, which are flexible ribbon-like appendages that are initially wrapped around the main spore body and that deploy upon drying or fold back in humid air. If elaters are believed to help dispersal, the exact mechanism for spore motion remains unclear in the literature. In this manuscript, we present observations of the 'walks' and 'jumps' of Equisetum spores, which are novel types of spore locomotion mechanisms compared to the ones of other spores. Walks are driven by humidity cycles, each cycle inducing a small step in a random direction. The dispersal range from the walk is limited, but the walk provides key steps to either exit the sporangium or to reorient and refold. Jumps occur when the spores suddenly thrust themselves after being tightly folded. They result in a very efficient dispersal: even spores jumping from the ground can catch the wind again, whereas non-jumping spores stay on the ground. The understanding of these movements, which are solely driven by humidity variations, conveys biomimetic inspiration for a new class of self-propelled objects.
Introduction
Plants show a broad spectrum of movements with a wide variety of underlying mechanisms. Spore dispersion mechanisms are widely varied in plants and fungi. However, one common physical process is rapid ejection achieved by the sudden rupture of material. For example, spore dispersal in fungus relies on the sudden rupture of the junction between the spore and its stalk after condensation of a water droplet [1, 2] , or after the rupture of the fluid-filled stalk under osmotic stress [3] . In sphagnum mosses, the spore-containing capsules break when the drying stress is excessively large, which expels a jet of spores [4] . These motions can also be compared with the explosive dispersal of seeds [5, 6] . In ferns, the sudden collapse of water (cavitation) in the flexible arm of the sporangium catapults the spores [7] .
Like ferns, Equisetum is a very ancient plant with robust adaptations [8] . Their spores present four elaters that respond to humidity variations [9, 10] . The elaters function is to increase dispersal because they push the spores out of the plant and increase the aerodynamic drag in the wind [11] . Contrary to other types of spores mentioned earlier, the dispersal does not involve any rupture of material.
Hygroscopic response
To understand the locomotion and dispersion mechanisms of Equisetum spores, we performed a detailed microscopic study of the shape of the spores under various humidity conditions. We observed that the elaters clearly change their shape (figure 1). At high humidity levels, the elaters spiral around the spherical body. At less than 75% humidity, the elaters begin to unfurl and become straight at approximately 50% of relative humidity (RH), at which point they are fully extended. At less than 50% RH, the elaters curl up, and the maximum span of the spores is slightly reduced.
These changes are fully reversible, and only slight hysteresis was observed when increasing the humidity, suggesting that the spore shape reflects the current humidity. Humidity variations that induce changes in the elater shape are typical in the Equisetum habitat where humidity is high but can decrease periodically, e.g. owing to wind or sun exposure.
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The change in the curvature of the elaters can be understood from a structural perspective, as the elaters have a bilayer structure [12] . The inner layer consists of dense longitudinal cellulose microfibrils (similar to that of higher plant cell walls), whereas the outer layer is less dense. We can infer from this structure that the outer layer is highly porous to water and changes in volume with variations in humidity. The differential volume change of one layer with respect to the other is responsible for the marked curvature changes. Thus, elaters are an example of natural 'hygromorphs' [13] . Such hygromorphs include certain types of seeds [14] .
Random walks
The elaters can open periodically in response to repeated humidity cycles. The position of the centre of mass oscillates but does not return to the same position at the end of a cycle ( figure 2a,b) . As a result, the spore 'walks' in random directions. The amplitude of the steps of these walks is variable (see also figure 2c), as a spore can stay in the same position for multiple cycles before experiencing a large step but with a well-defined average.
We interpret these random steps to be a consequence of friction with the ground. More precisely, kinetic friction (as opposed to static friction) occurs during the opening/closing cycles when the elaters slide on the ground. Kinetic friction creates irreversible changes because the position of static contact is displaced. These repeated displacements induce steps. The variability in the orientation of the steps is attributed to the changes in the points of contact of this complex 'tetrapod' during the opening/closing cycles.
The tracking of many spores using image analysis showed that the spores diffuse in space ( figure 3a,b) . The average squared distance travelled by each spore follows a diffusion law kr 2 l ¼ 4Dt, where t is the time elapsed from a starting position, and D is the two-dimensional diffusion coefficient. The average is taken over several trajectories and over different starting points. The value of the diffusion coefficient corresponds to an effective step of amplitude l ¼ 28 mm repeated with a period t given by the cycle duration T cycle (using D ¼ l 2 /2t). The average distance travelled was calculated for many spores and for various starting positions, which is typical when tracking mobile agents for instance swimming microorganisms [15] .
At dense concentrations, spores can temporarily aggregate in mobile clusters. Surprisingly, these larger clusters diffuse at a higher speed, which we may call anti-Brownian behaviour. Indeed, standard Brownian motion of inert particles in a liquid is slower for larger objects. We attribute this effect to the larger number of elaters per cluster, which leads to a greater frequency of random steps at each cycle. Therefore, we assume that the time interval t between steps is divided by the number of spores, so that the diffusion coefficient (of the order of l 2 /t) is proportional to the number of spores. Measurements of the diffusion coefficient of clusters of different sizes (figure 3c) indeed shows a diffusion that increases proportionally to the number of spores (up to six spores), which is consistent with the assumption. This proportional trend should be less pronounced for very large heaps, because elaters on top of the heap do not touch the ground. . This height is very large compared with the spore size. These jumps were rarely observed in the walking experiment described above with a maximum of 90% RH. We noted that a high humidity is necessary, here obtained in a saturated atmosphere at 100% RH or by immersion in a tiny droplet, in order to sufficiently entangle the elaters prior to drying. Spores could jump several times, after a humidification/drying cycle. The probability of the spores to jump depends on the nature of the ground surface. On a hydrophobic surface, the proportion of spores jumping (34%) is much larger than on a hydrophilic glass (12%), see Material and methods. We interpret this result as a consequence of a larger adhesion energy of wet spores with glass. However, the height of jumps did not change much from surface to surface. Careful observations led us to hypothesize that pairs of elaters can be temporarily stuck by friction during opening and store an elastic energy that is released when the forces are sufficiently large. The friction is localized between the elaters (figure 4c). The upward thrust is obtained when the body is pushed upwards by the elater that is still in contact with the ground, this elater acting like a compressed spring releasing its energy.
Subsequently, we evaluated the energies at play during this motion to assess this hypothesis. The elastic energy is stored when the elaters are stuck with a given curvature c ¼ 1/R (radius of curvature R ¼ 60 mm in the sequence of figure 4a), while the drying process changes the spontaneous curvature c 0 of the elaters. Observations of other loose elaters allow us to monitor the evolution of the spontaneous curvature: it changes to c 0 ¼ 1/R 0 , with R 0 around 83 mm immediately prior to ejection. The elastic energy, mainly caused by bending, can be modelled by assuming that the elater is a thin strip plate of length L el (approx. 160 mm) according to the following equation:
where E is the Young's modulus, I h ¼ h 3 w/12 is the bending moment, h (approx. 3 mm) is the thickness and w (approx. 7 mm) is the width. The kinetic energy after ejection at velocity v e is
where the mass of the spore is that of the central body m ¼ r body 4=3pR body 3 , using R body ¼ 20 mm, and a density, r body , similar to that of water. Here, we neglect any rotational kinetic energy: the majority of jumps showed little rotation during ejection.
By assuming that all of the bending energy is released as kinetic energy, the jump velocity can be predicted and is directly given by the unknown Young's modulus of the elater. To match the measured jumping velocity, v e ¼ 0. value seems reasonable because it is much less than that of wood (approx. 10 GPa [16] ), as it contains soft hygroscopic tissue, but is much larger than that of parenchymatous tissue (approx. 10 MPa [17] ). Independent measurements of the bending modulus based on their vibration frequency (around 41 kHz for dry elaters, see Material and methods) yielded a modulus that was of the same order of magnitude.
In conclusion, the elastic energy stored in the bending of the very thin elaters is sufficient to propel the spores. In the absence of air friction, all of the initial kinetic energy could be converted to gravitational potential energy, and a jump would reach a height H, such that mgH ¼ E c , which implies that H ¼ v 2 e /2g ¼ 8 mm. However, this height cannot be attained owing to air drag. Therefore, we have included air drag in the model (see Material and methods). The experimental trajectory, with a maximum height of 1.5 mm, closely fits the model (figure 4d).
Discussion and perspectives
Jumps enhance the dispersion of spores and provide a way to overcome adhesion to the plant or to neighbouring spores. They are a natural occurrence of the phenomenon of Levy flights [18] in statistical physics that greatly increase the diffusion compared with a random walk with limited step amplitude. Figure 5a illustrates how a small jump is enough for the spore to be entrained by wind. The jump allows the spore to exit the ground where the air velocity is reduced, and to enter the higher velocity wind current. These spores are then more likely to travel than are immobile spores. Indeed, non-jumping spores stayed on the ground of a wind tunnel for velocities of less than 5 m s 21 and were just gliding on the flat ground for higher velocities. The Equisetum habitat is usually wet, which provides opportunities for the spores to contract into the entangled state quite frequently, and therefore also jump frequently. The jump mechanism can be repeated many times because it does not involve any irreversible fracture, in contrast to the movement of other species. Note that as the jumps occur upon drying, they provide an escape from dry locations and thus increase the chances of finding a more humid environment.
Even if the walk participates in only small distances of locomotion, it enables the spores to make key steps. First, with humidity variations or rain, groups of spores make large steps, which helps their fall from the sporangium. It is an additional contribution to the spilling out of spores owing to the volume increase of clusters when spores unfold. Second, the random steps reorient the spores and change its contact points with the ground, which result in different entanglements at each humidity cycle, and increases the probability to block the elaters and store elastic energy. Third, the reorientation also helps to obtain jumps in random directions, maximizing the explored area.
As a perspective, we believe that this study will inspire new biomimetic classes of self-propelled objects, based on many appendices that open/close and that undergo friction with the ground. The comprehension of the velocity of walk and directionality of motion as a function of their geometry suggest a whole scope of investigation. Concerning their energy source, these hygroscopic objects have the interesting property to be able to move in response to humidity changes only, a free resource that occurs naturally. rspb.royalsocietypublishing.org Proc R Soc B 280: 20131465 of the elater is similar to that of water, and because the elater is twisted into an effective round cross-section of r ¼ 5.7 mm, which is the cubic mean of h and w, we predict that Young's modulus is 400 MPa. This value is on the order of magnitude estimated based on the jump ejection velocity. The factor of four difference may be observed because here the elater is drier, which tends to increase the elastic modulus. In addition, there may be a certain amount of energy lost by friction during the jump, leading to smaller jumps than expected based on the stored energy.
(c) Jump trajectory with air drag, in still air
The equation of motion for the spore having a vertical position z and vertical velocity v z ¼ dz/dt is as follows:
where the last term is the Stokes drag force owing to the dynamic viscosity of the air, h air (%1.95 Â 10 26 Pa.s), and R drag is the effective radius of a sphere given the same amount of drag. Stokes drag formula holds because the Reynolds number, r air n e R drag /h air , is low (approx. 1) at the maximum velocity. This equation can be integrated twice to give the evolution of the altitude
where t ¼ m/6ph air R drag is the deceleration time owing to the viscosity. Fitting of the trajectory, shown in figure 4d , yielded a deceleration time of 5 ms.
(d) Jumping statistics
The spores were spread on two kinds of surfaces: clean glass (hydrophilic, contact angle around 178) or polystyrene Petri dishes (much less hydrophilic, contact angle around 888). The contact angle of the water interface with respect to the ground was measured on photographs of tiny droplets of deionized water gently deposited on these surfaces. Three behaviours were observed using an inverted microscope with a 4Â objective and classified in three categories: (i) clear jumps, (ii) start of jumps, exhibiting a sudden motion without take-off, and (iii) continuous unfolding. The percentages given in the main text consider the first two classes. See the electronic supplementary materials, figure S2 for detailed statistics.
(e) Wind tunnel experiments
The spores were deposited on the lower flat surface of a wind tunnel (cross-section of air stream: 250 Â 250 mm), the spores being initially wetted within a water droplet. The spores were seen to jump after complete evaporation of the droplets.
